A split-pulse spectrometer based on pairs of time-delayed femtosecond pulses can give access to accurate frequency measurements in the extreme ultraviolet (XUV) spectral domain. We demonstrate this approach by measuring the absolute frequency of a single-XUV-photon transition to a bound state of atomic argon excited with the ninth harmonic of an amplified Ti:sapphire laser. © 2011 Optical Society of America OCIS codes: 300.6540, 300.6320, 300.6300, 190.4160. Extending high-resolution spectroscopy to the vacuum and extreme ultraviolet (VUV and XUV) regime is highly desirable, because in this spectral region lie many atomic transitions that would allow accurate testing of boundstate quantum electrodynamics [1] . So far, the main sources of broadband radiation in the XUV are provided by synchrotron facilities that, when used in combination with the best monochromators, lead to a spectral resolution of about 0:5-1:0 cm −1 [2], corresponding to a resolving power around 10 5 . On the other hand, high-order harmonic (HOH) generation from intense femtosecond laser pulses, with its tabletop character, is an effective and attractive alternative tool for producing coherent radiation in this spectral region. The main limitation of its application to high-resolution spectroscopic studies, its inherently broad bandwidth, has been overcome by utilizing time-delayed pulse replicas to excite the targeted atomic system, in analogy to the Ramsey scheme of separated oscillatory fields [3] . For the simplest system (two levels with transition frequency ν eg and lifetime τ ≫ t, t being the delay between the pulses, assuming vacuum propagation), the excited-state population at the end of the second pulse (of central frequency ν) is given, at the first order of a perturbative expansion [4, 5] , by
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where the amplitude factor, which coincides with the single-pulse excitation, is the squared modulus of the Fourier transform (FT) of the (single-pulse) Rabi frequency Ω. Thus, the excitation appears periodically modulated at the transition frequency ν eg . Two different experimental methods have been adopted so far to apply Ramsey's idea in the temporal domain for VUV and XUV spectroscopy: one approach selects and amplifies to the millijoule level a pair of subsequent pulses from an IR frequency comb (FC) laser [6] [7] [8] ; the other approach, which will be followed here, creates the required pulse pair by splitting an amplified mode-locked IR laser pulse in a Michelson interferometer [9] [10] [11] . In both cases, the IR pulse-pair is frequency upconverted to the XUV via HOH generation in a gas medium and is then used for excitation of the atomic energy levels under investigation. An important advantage of the FC approach is that the pulse-pair time delay is directly given by the inverse of the FC frequency repetition rate; yet, at the same time, its applicability is intrinsically limited to the excitation of states whose lifetimes are longer than the FC interpulse delay, currently around 10 ns. The split-pulse technique [5] successfully demonstrated in autoionizing [9, 10, 12] and bound states [11] , does not suffer this limit. However, to our knowledge, it has never been employed for absolute frequency measurements.
In principle, and similarly to FT methods, obtaining absolute frequency determinations in a complex spectrum or simply gaining information on the broadening processes present in the case of the single oscillator [Eq. (1)], would imply the measurement of Ramsey fringes over the complete time-delay range ½0; T, 1=T being fixed by the resolution goal. However, considering that the fringes to be recorded in the XUV have a period in the attosecond time scale, such measurements (performed in a slow ion/electron count regime) are easily seen to require prohibitively long acquisition times. As a matter of fact, the current stability-related constraints dictate maximum scan times of the order of δt ≈ 10 fs, which imply a frequency resolution (1=δt) of thousands of wavenumbers. Nonetheless, if the investigated spectrum is made of only a single narrow line, then things are much simpler and the 1=δt limit can easily be beaten. In fact, by just measuring the phase of the oscillating fringes and knowing the origin t ¼ 0, a measurement can be made with a δt scan around T, leading to a frequency determination with an accuracy ≈1=T. There is an inherent ambiguity in this procedure, as both ν 0 and ν 0 þ Δν will lead to the same fringe phase, provided that TΔν is an integer; in other words, the observed fringe determines the resonance frequency modulo 1=T. This ambiguity can be resolved if a previous measurement exists with an accuracy much better than 1=T, or by combining the results of measurements made at properly chosen delays [13] . In the FC-based Ramsey technique, the zero-time-delay position between the pulse pair is precisely known with an error that is small with respect to the transition wavelength to be measured (also when this lies in the XUV range). In our split-pulse case, determining the t ¼ 0 position is also possible by finding the symmetry point of the IR linear interferometric autocorrelation signal in the Michelson interferometer, but a different, specifically devised, approach has been developed in this work. Here we perform measurements of pairs of δt scans whose starting times have a relative delay T, which is also measured with sub-XUVwavelength accuracy. In addition, this procedure leads to a comparison between the phases of the two measurements, and thus to an absolute measurement of ν eg .
The relevant atomic levels and the ionization pathway, as well as the experimental setup, are schematically shown in Fig. 1. A single- [14] , while photoionization is achieved by a single-IR-photon absorption at the fundamental wavelength. A more detailed description of the setup can be found in [10, 11] . In brief, the light source is provided by an amplified Ti:sapphire laser (up to 0:8 mJ energy per pulse, 25 fs pulse duration, 1 kHz repetition rate, central wavelength set at 794 nm). The main part of the laser emission is sent to a semimonolithic Michelson interferometer, which splits the incoming pulse, creating the pairs. The IR beam is then focused into a vacuum chamber where it interacts with a continuous-flow xenon gas jet. The different harmonic orders generated are dispersed by a concave normal-incidence grating, and the ninth harmonic (87 nm), nearly resonant with the atomic transition, is refocused onto a second jet of argon atoms in the interaction chamber. The time-delayed (1 ns) IR ionizing beam is obtained by intercepting a fraction of the fundamental laser emission and focusing it onto the excited argon atoms in a counterpropagating direction with respect to the XUV pulse pair. Finally, the Ar ions are detected by a timeof-flight (TOF) mass spectrometer [11] . The moving mirror of the Michelson interferometer is mounted on a motorized stage that moves in steps of ≈3:5 nm. Sub-XUV-wavelength accuracy in the measurement of the Michelson path displacement is accomplished by a continuous recording of the interference fringes of two collinear and in-quadrature polarizations from a He-Ne laser of known frequency (at the GHz level). The two linear polarizations are obtained by using a λ=8 waveplate in one arm of the interferometer; they are separated at the exit of the interferometer by a beam-splitter cube and then sent to two photodiodes (PDs). The temperature and pressure dependence of the air-refractive index in the beam path has been taken into account for this wavelength-based determination of the delay.
Measurements are performed in three consecutive stages, also schematically depicted in Fig. 1 : first, the Ar þ Ramsey fringes are recorded over a short-(and slow-) delay time window δt of about 5-10 fs, beginning from an initial delay of 100 fs away from the t ¼ 0 position to avoid intensity-related interference effects. Then, the delay is rapidly swept for the measurement delay T and, finally, another short and slow fringe scan of δt duration is performed. A typical two-time-window acquisition is presented in Fig. 2. Figures 2(a) and 2(b) show the δt scans, where the ionization events exhibit Ramsey oscillations of good visibility. In Figs. 2(c) and 2(d) we report the corresponding interference signal of the two in-quadrature He-Ne beams. In Fig. 2(g ), we present a zoom of the squared modulus of the FT of the pair around the theoretical value of the transition frequency under study [14] . As expected, the modulation has a period of 1=T, i.e., it shows a mode structure whose peak frequencies can be denoted as ν m ðTÞ, where m ¼ 0; AE1; AE2; Á Á Á labels the modes starting from the one nearest the NIST frequency ν NIST . In Figs. 2(e) and 2(f), the two spectra corresponding to the separate single scans are also plotted. These two spectra show the broad sinc 2 -shaped form related to the sampling time window δt. The analysis of the He-Ne fringes for this particular measurement leads to a Michelson mirror displacement L ¼ 425154 nm between the beginnings of the two δt scans, corresponding to a delay, T ¼ 2L=v g ≈ 2:84 ps (v g is the group velocity in air at the IR fundamental frequency ν IR ), and to a Ramsey modulation frequency of 1=T ≈ 11:8 cm −1 . In this case, the center of the highfrequency modulation is detuned 0:8 cm −1 from the NIST reference, i.e., 7% of the fringe period, implying a systematic error on the determination of the mirror movement of 0:07 · λ xuv =2 ≈ 3 nm [15] . As a check of the validity of our approach, in Fig. 3 we plot the offset ν m − ν NIST of the mode frequencies normalized to the mode separation 1=T for ten different measurements in the range T ¼ 0:9-4:2 ps. The frequencies are collected around integer values; the width of these peaks, dominated by the error on the delay T, is fully compatible with the expected positioning error, ΔL ≈ 5 nm, of the Michelson arms as independently deduced from a comparative analysis of the two in-quadrature He-Ne fringes. It is important to stress that, as ΔL is roughly independent on L, the accuracy of the measurement can be improved by using longer delays. The clear evidence of a mode structure in Fig. 3 is a signature that our setup is indeed measuring the XUV atomic frequency. We can summarize our results by reporting the mean frequency shift hν 0 − ν NIST i ¼ ð0:4 AE 1:4Þ cm −1 .
In conclusion, we have demonstrated the potential of the split-pulse approach in the determination of a transition frequency of atomic argon. By using pairs of Ramsey-like measurements, following the ionization signal in two temporal windows whose starting times are accurately measured through the fringes of a reference laser, we obtain an absolute measurement of an XUV transition with an accuracy of a few parts in 10 5 . The presented idea has the potential to aim at higher resolutions and appears to be the only viable approach that provides and alternative to synchrotron radiation for unstable (e.g., autoionizing) states, when the lifetime gets below the current limit of FC sources. 
